This paper presents a novel dual-band bandpass filter with narrow and wide passband simultaneously and a wide stopband. The dual-band bandpass filter is implemented using a stepped-impedance ring loaded resonator (SIRLR). The properties of the SIRLR are analyzed in detail based on the even-and oddmode equivalent circuits. Resonant modes, excited by SIRLR, can be controlled and used to form a narrow passband at 2.4 GHz with bandwidth ratio of 8% and a wide passband from 3 to 5 GHz, with insertion losses less than 1.5 dB for both two passbands. Three transmission zeros are created near the passband edge to improve the passband selectivity and achieve a sharp cutoff skirt (over 60 dB/GHz). In addition, for wide stopband consideration, rectangular stub loaded resonators (RSLRs) are tapped on the input and output ports of above dual-band filter without destroying the dual-band performances. Thus, the proposed dual-band filter with a wide stopband region from 5 to 20 GHz with a rejection level of 25 dB is also achieved. The measured results show a good agreement with the simulated results.
I. INTRODUCTION
In recent years, for the demand of high-quality service, multi-band mobile equipments have attracted much interest for use in wireless communications applications, such as the Global System for Mobile communications (GSM), IEEE 802.11 wireless local area networks (WLANs) and ultra-wide band (UWB) system. In wireless communication systems, microwave filters are the key elements, because they affect the operation of whole system, pass desired frequency band signal and restrict the unwanted incoming frequency band signal. In addition, microwave filters are generally fabricated by utilizing planar filter process due to low cost and simple fabrication process.
Accordingly, many different schemes had been proposed to construct the planar filters with dual-band characteristics [1] - [15] . For example, a coupled-serial-shunted line structure used to provide a notch at the middle of the passband The associate editor coordinating the review of this manuscript and approving it for publication was Nagendra Prasad Pathak.
to realize a dual-band bandpass filter [1] . A dual-band bandpass filter could also be realized by using ring dualmode resonators, and the resonant characteristics were varies by adopting non-uniform impedance microstrip lines [2] . Dual-path propagation filter by combining two independent resonators was used to excite a dual-band response with a high passband isolation since two passbands could be controlled independently by tuning the physical dimensions of the corresponding resonator [3] , [4] . Especially, multimodes resonators, such as stepped-impedance resonator (SIR) [5] - [10] and stub loaded resonator (SLR) [11] - [15] , are most popular to be used to achieve the required dual-band responses. For the SIR, the spurious response could be controlled effectively by tuning the determined ratios (electrical length ratio and impedance ratio). For example, compact and low loss dual-band bandpass filter using pseudo-interdigital stepped impedance resonators for WLANs was presented [7] . The passband frequencies can be adjusted to desirable values, however it is still difficult to control the bandwidths. For the SLR, the spurious response could be adjusted easily by tuning the location of the loaded stub. With different numbers and types of the stubs, such as open or short stub, dual-band BPFs based on multi-mode stub-loaded resonators can be designed. In [11] - [13] , the first two resonant modes were used to form the first passband, and the third and fourth resonant modes were used to obtain the second passband. Most of the reported works focused on the dual passband with two narrow band responses. Dual-band bandpass filter having narrow-band and wide-band characteristics simultaneously attracted less attention in past. In a previous work [7] , a dual-band bandpass filter with narrow-band and wide-band performances was presented. Two SIRs with multi modes were used. Each resonant mode was controlled by determining a proper impedance ratio. Moreover, with proper coupling arrangement, the transmission zeros were provided to enhance the passband isolation between the narrow-band and the wide-band. However, to avoid the interference with other communication systems, a wide stopband design for the filter is always required.
In this design, a novel dual-band bandpass filter having a narrow-band and wide-band response and with an extended stopband is shown. The dual-band responses for WLAN and UWB uses are excited merely by one stepped-impedance ring loaded resonator (SIRLR). Wherein, the SIRLR had been used to design a dual-narrowband bandpass filter [13] . However, the degree of designing freedom is restrained due to each mode of SIRLR is controlled by merely tuning the length of coupling line. In comparison with above mentioned design, we introduced novel ratio parameters, which are related to the physical dimensions of the SIRLR, to control each mode of SIRLR much more accurately. In addition, resonant characteristics of SIRLR was completely analyzed and plotted to increase the degree of designing freedom. Moreover, a wide stopband for the interference suppression can be further achieved by applying a pair of rectangular stub loaded resonator (RSLR) tapped at the input/output ports of the SIRLR.
The design procedure and limitations of the proposed structure are described in detail in the following sections. The organization of this paper is shown as follows. In introduction section, the motivation and novelty of this study are addressed. In section II, the equivalent circuit and the resonant modes of the SIRLR are discussed in detail. By tuning the electrical length ratio and impedance ratio, the resonant modes of the SIRLR can be varied effectively to desired position. Thus a narrow passband at 2.4 GHz with bandwidth ratio of 8% and a wide passband from 3 to 5 GHz can be achieved. In section III, the RSLR is used to obtain a wide stopband, since it a low-pass resonator and can generate several transmission zeros at the desired locations. In this section, the equivalent circuit and the resonant modes of the RSLR are also discussed in detail. By controlling its structure parameters, such as the electrical length ratio and impedance ratio, the tunable stopband region can be obtained. In section IV, the design procedure of a novel dual-band bandpass filter with narrow and wide passband simultaneously and with a wide stopband is shown. The geometrical structure of the proposed dual-band bandpass filter is shown in Figure 1 . It is composed by one SIRLR, and a pair of RSLR. In this design, three transmission zeros are provided near the passband edge to enhance the passband selectivity with a sharp cutoff skirt. The designed filter was fabricated and measured. The simulated and measured results are found to be in good agreement. In section V, a conclusion is made to address the advantages and new finding of this design. 
II. DUAL-BAND DESIGN A. EQUIVALENT CIRCUIT
The SIRLR is applied to excite multiple modes which are used to form the required passband. The SIRLR consists of a ring microstrip line and two open-end microstrip stubs. These two open-end microstrip stubs, having a characteristic admittance of Y c and an electrical length of θ c , are tapped on the ring microstrip line. The ring microstrip line has two sections with electrical lengths of θ a and θ b , respectively, and with the same characteristic admittance Y a , as shown in Figure 2 (a). Due to the symmetrical structure, even-and oddmode analysis is used to analyze the resonant characteristic of the SIRLR. The even-and odd-mode equivalent circuits of the proposed SIRLR are shown as Figure 2 
For even-mode excitation, the symmetrical plane shown in Figure 2 (a) behaves as a magnetic wall (M.W.) and is thus considered as an open-circuited end. The input admittance (Y ine ) of this even-mode equivalent circuit is derived as follows:
In contrast, for odd-mode excitation, the symmetrical plane shown in Figure 2 (a) behaves as an electric wall (E.W.) and is considered as a short-circuited end. The input admittance (Y ino ) of this odd-mode equivalent circuit is derived as follows:
In addition, in order to control the resonant modes (even-and odd-mode) simply, the structure parameters of the proposed SIRLR (θ a , θ b , θ c , Y a , and Y c ) are replaced by three parameters (α, γ , and K ). The first electrical length ratio is expressed as α = θ a /(θ a + θ c ) = θ a /θ T , the second electrical length ratio is expressed as γ = θ b /(θ a + θ c ) = θ b /θ T , and the admittance ratio is expressed as K = Y a /Y c . Therefore, (1a) and (1b) can be rewritten as (2a) and (2b), as shown at the top of this page. Based on (2a) and (2b), the resonant modes can be excited when the corresponding imaginary admittance is equal to zero (Im [Y ine ] = 0 or Im [Y ino ] = 0) [16] . Accordingly, each resonant mode can be tuned by varying the three parameters (α, γ , and K ). The calculated resonant electrical length of each mode versus α and different K using MATLAB tool is plotted in Figure 3 . Figure 3 (a) illustrates the resonant electrical length of each mode with a fixed value of γ = 0.1. Obviously, the difference between the relative even-and odd-mode shows an irregular trend. For the first two modes (f o1 and f e1 ), the first evenmode (f e1 ) and the first odd-mode (f o1 ) become closer mutually when the electrical length ratio (α) is increased from 0 to 0.6. In contrast, when α is increased from 0.6 to 1, the first even-mode (f e1 ) and the first odd-mode (f o1 ) shift apart from each other. For the second two modes (f o2 and f e2 ), the second even-mode (f e2 ) and the second odd-mode (f o2 ) become closed mutually when α is increased from 0 to 0.4 and from 0.7 to 1.0. In contrast, when α is increased from 0.4 to 0.7, the second even-mode (f e2 ) and the second odd-mode (f o2 ) shift apart from each other. Figure 3 In this design, the first even-mode (f e1 ) and the first odd-mode (f o1 ) are excited to form the first passband, and the second even-mode (f e2 ) and the second odd-mode (f o2 ) are excited to form the second passband. To further simplify the design procedure of deciding the structure parameters, a normalized frequency ratio (f R ) is defined as:
where f p1 represents the center frequency of the first passband, and f p2 represents the center frequency of the second passband. The calculated normalized frequency ratio (f R ) versus α and different K using MATLAB tool is plotted in Figure 4 . Accordingly, the normalized frequency ratio can be calculated in accordance with the required f p1 and f p2 to find proper values of α and K from Figure 4 . In addition, a proper value of γ could be obtained from Figure 3 based on the required bandwidth of the two passbands.
To clarify the resonant characteristics of the SIRLR, a design example of the SIRLR, having a narrow passband at 2.4 GHz and a wide passband at 4 GHz (over a bandwidth range from 3 to 5 GHz), is presented as follows. The normalized frequency ratio can be calculated as f R = 1.67 due to f p1 = 2.4 GHz and f p2 = 4 GHz. As presented in Figure 4 , there are six cases of (α, γ , and K ) that satisfy the requirement of f R = 1.67, including: (0.7, 0.1, 1.25), (0.6, 0.1, 1.25), (0.65, 0.2, 1.25), (0.55, 0.2, 1.25), (0.62, 0.3, 1.25), and (0.48, 0.3, 1.25). However, for the demand of wider bandwidth, the difference between f e2 and f o2 should be larger than the difference between f e1 and f o1. Therefore, a proper value of γ = 0.1 could be determined from Figure 3 
B. RESONANT CHARACTERISTIC
To further explore the frequency response of the SIRLR, the proposed example of the SIRLR, having given physical dimensions as discussed in Section II. (A), is simulated by using Zeland IE3D full wave electromagnetic (EM) simulator [13] . In Figure 5 weak coupling condition using EM simulation, respectively. These four resonant modes are used to form a narrow passband at 2.4 GHz and a wide passband at 4 GHz with a bandwidth range from 3 to 5 GHz. It is also noted that the should be suppressed in this design (as will be discussed in the Section III).
Moreover, three transmission zeros (TZ p1 , TZ p2 , and TZ p3 ) are created near the passband edge at frequencies (f z1 , f z2 , and f z3 ) of 2.2, 3.0, and 5.1 GHz, thus improving the passband selectivity. The location of transmission zero can also be controlled by analyzing the transfer function of the proposed SIRLR. Based on (2) and with α = 0.7, γ = 0.1 and K = 1.25, the calculated values of the imaginary admittance of even-and odd-mode versus frequency using MATLAB tool are plotted in Figure 5 ] = 0. Therefore, the transfer function of symmetrical two-port networks can be expressed as [16] :
The condition of transmission zeros can be obtained as setting |S 21 | = 0. Accordingly, the transmission zeros of the proposed SIRLR are achieved as Im[Y ine ] = Im[Y ino ] (cross point in Figure 5(b) ). It is verified that the calculated results in Figure 5 (b) are in good agreement with the simulated results in Figure 5 (a).
C. MODE EXTENSION
For the demand of wideband response, additional modes shall be provided to obtain a flat passband response. In this design, two identical microstrip lines are connected at the I/O ports and used to couple with the SIRLR as shown in Figure 6(a) . Each coupled section is considered as a J-inverter with two equivalent transmission lines (θ r3 /2). To further observe the coupling behavior between the SIRLR and the microstrip lines, a total electrical length (θ total ) for the SIRLR is defined to analyze and the return loss (|S 11 |). Based on the transmission line theory [18] , [19] , the return loss for the whole circuit, including SIRLR and two coupled microstrip lines, can be expressed as:
whereJ is the normalized susceptance of the J-inverter and it is equal to J /Y r2 . Based on (5), the resonant conditions of each mode (|S 11 | = 0) are obtained in the two cases as tan(θ total ) = 0 andJ = 1. It shall be noted that the case of tan(θ total ) = 0 occurs in accordance with the resonance of the SIRLR, therefore, all resonant modes (f e and f o ) are remained after adding two coupled microstrip lines. Furthermore, additional modes, used to obtain the required flat passband response, are created by satisfying the case ofJ = 1. Therefore, a flat passband response can be realized by enhancing the coupling energy between the SIRLR and the microstrip lines as shown in FIGURE 6(b) . When the width of the microstrip line (W r2 ) is reduced from 1.2 mm to 0.2 mm, two additional poles are created at 3.6 and 4.1 GHz that improves the flatness of the passband. Based on the above analysis, we designed a dualband bandpass filter, having a narrow-band and wide-band response, as shown in Figure 7 Figure 7(b) shows the simulated results of the proposed dual-band bandpass filter. It shows good performance for both the narrow and wide passband. However, an undesired interference, which is created due to spurious response of the SIRLR, occurs from 5 GHz to 20 GHz and should be suppressed. 
III. WIDE STOPBNAD DESIGN
As discussed in Section II, the spurious response of the proposed SIRLR, located at 5.7 and 5.9 GHz, shall be suppressed to improve the performance of the designed dual-band bandpass filter. However, not only two spurious responses but also undesired interference, located at high-frequency side (from 6 to 20 GHz) as shown in Figure 7 , shall be improved. By considering various types of low pass filter or bandstop filter, a low-pass resonator, which can provide multiple transmission zeros and wide stopband region, is better than a bandstop filter, typically having a narrow stopband region.
In this design, we adopted the designed rectangular stub loaded resonator (RSLR), as shown in Figure 8(a) , to execute the low pass function [20] since it is easy to tune the extensive stopband region by controlling its several structure parameters. It consists of a rectangular stub patch and a parallel coupled line in a symmetrical structure. 
A. EQUIVALENT CIRCUIT
The characteristic admittance and electrical length of the rectangular stub patch and the parallel coupled line are defined as (2Y r1 , θ r1 ) and (Y r2 , θ r2 ), respectively. By using even-and oddmode analysis again, two equivalent circuits with an opencircuited plane and a short-circuited plane (for the even-and odd-mode, respectively) are built as shown in Figure 8(b) . Herein, the characteristic admittances of the parallel coupled line for the even-and odd-mode are determined as Y r2e and Y r2o . Based on these equivalent circuits (even-and oddmode), the input admittances looking into the parallel coupled line (Y ino2 and Y ine2 ) are expressed as follows:
where Y r2o and Y r2e are the odd-and even-mode characteristic impedances of the parallel coupled line, respectively. In addition, the occurring condition of the transmission zeros (S 21 = 0) are derived as Im[Y ino2 ] = Im[Y ine2 ] based on (4). In the past, an electrical length ratio was used to adjust the location of the transmission zeros [21] , [22] . However, the tuning ability of the transmission zero is less when only using the electrical length ratio and thus the ultra wide stopband region can not achieved easily. Therefore, we further defined a novel impedance ratio (R = Z r1 /Z r2e = Y r2e /Y r1 ) into (6) to tune the transmission zeros instead of merely using the electrical length ratio (β = θ r1 /θ r2 ). Thus, the input admittance of the even-mode can be rewritten as:
In this design, the characteristic parameters of the parallel coupled line are given as: Z r2o = 1/Y r2o = 94 Ohms, Z r2e = 1/Y r2e = 220 Ohms, and θ r2 = 45 • . It is noted that the characteristic parameters of the rectangular stub patch (Z r1 and θ r1 ) is regarded as core parameters for varying the determined ratios (R and β).
B. RESONANT CHARACTERISTIC
To observe the varied range of the transmission zeros, the calculated values of imaginary admittance of even-and odd-mode versus frequency as function of R and βusing MATLAB tool, are plotted in Figure 9 (a) and Figure 10(a) , respectively.
It is clearly observed that the designed RSLR generates three transmission zeros (f r1 , f r2 , and f r3 ) when the value of electrical length ratio (β) is tuned under the range from 0.9 to 1.1. In accordance with the required region of the stopband, f r2 can be tuned to approach f r1 by increasing β or f r3 by decreasing β. However, if β is chosen lower than 0.7 or higher than 1.3, the second transmission zero (f r2 ) will disappear and cause poor interference suppression. The simulated frequency responses with varied values of β are shown in Figure 9 (b) and exhibit a good agreement with the calculated results.
In Figure 10 (a), we varied the impedance ratio (R) to control the transmission zeros with a fixed β = 1.1. By decreasing the value of R, the first transmission zero (f r1 ) and third transmission zero (f r3 ) are shifted toward lower-and higherfrequency side respectively without affecting the second transmission zero (f r2 ), thus extending the stopband region. The simulated frequency responses with varied values of R are shown in Figure 10 (b) and also exhibit a good agreement with the calculated results. Figure 11 shows the calculated and simulated results of the designed RSLR. For the demand of stopband region from 6 to 20 GHz, the RSLR provided three transmission zeros (TZ 1 , TZ 2 and TZ 3 ) of f r1 /f r2 /f r3 at 7.0/13.4/18.4 GHz respectively when the parameters of the RSLR are determined as β = 1.1 and R = 0.4. Consequently, the physical dimensions of the RSLR are decided as: W r1 = 2.6 mm, L r1 = 4.3 mm, W r2 = 0.2 mm, L r2 = 3.9 mm, and G r = 0.2mm, respectively.
C. COMBINATION OF SIRLR AND RSLR
In this design, the RSLRs, used to suppress undesired spurious responses of the SIRLR, are attached between the identical microstrip lines (discussed in Section II (C)) and the I/O ports as shown in Figure 1 . By locating the transmission zeros at proper frequencies, the proposed dual-band bandpass filter provides a broad stopband region as shown in Figure 12 . After attaching the RSLRs, the proposed dual-band bandpass filter shows good performance, including low insertion loss of 0.66 dB at the first passband and 0.5 dB at the second passband, and wide stopband region from 5 to 20 GHz with a rejection level of 25 dB. 
IV. EXPERIMENT RESULT AND DISSCUSION
In order to verify the proposed concept, the filter example is designed based on the following procedure:
1. Decide the required band performances such as center frequencies, bandwidth, stopband region; 2. Determine the resonant modes of the SIRLR to satisfy the required passband by carefully choosing the electrical length ratio and impedance ratio of the SIRLR; 3. Adopt microstrip lines to couple with the SIRLR for the required bandwidth' 4. Determine the transmission zeros of the RSLR to achieve the enough wide stopband by probably choosing the electrical length ratio and impedance ratio of the RSLR; 5. Combine the SIRLR with the RSLR taped at the input/output ports of the SIRLR. The designed dual-band bandpass filter was fabricated on RT/Duroid 5880 substrate and measured by an HP8510C Network Analyzer. The given parameters of RT/Duroid 5880 substrate includes a relative dielectric constant of 2.2, a loss tangent of 0.0009 and a thickness of 0.787 mm. Figure 13(a) shows the fabricated dual-band bandpass filter. The whole circuit size of this filter is 44.6 mm × 8.2 mm, approximately 0.48λ g × 0.09λ g (not includes I/O ports), and λ g is the guided wavelength of the 50 transmission line at the fundamental frequency (f 0 = 2.4 GHz) of the SIRLR. It is noted that the SIRLR was bent to obtain a minimal circuit size with a slight and negligible influence for the passband responses. Figure 13 (b) shows the measured S 21 and S 11 results of the fabricated dual-band bandpass filter. To observe the measured results clearly, a zoom plot for the passband responses was shown in Figure 13(c) . For the narrow passband, the measured performances include a center frequency at 2.4 GHz, a low insertion loss of 1.4 dB, band selectivity of 370 dB/GHz at the lower edge and 62.5 dB/GHz at the upper edge, and a fractional bandwidth (FBW) of 8%. For the wide passband, the measured performances include a center frequency at 4.0 GHz, a low insertion loss of 1.0 dB around the passband, band selectivity of 128.2 dB/GHz at the lower edge and 94 dB/GHz at the upper edge, and a fractional bandwidth (FBW) of 39%. Three transmission zeros near the passbands (TZ p1 , TZ p2 and TZ p3 ) and three transmission zeros (TZ 1 , TZ 2 and TZ 3 ) in the stopband are clearly observed in the measured results. Table 1 compares the performance of the proposed design with the other reported dual-band bandpass filter. It is noted that less researches design a dual-band bandpass filter with simultaneous narrow-and wide-bandwidth. In addition, most researches do not consider the stopband response within high frequency region. However, we presented a dual-band bandpass filter with narrow and wide passband simultaneously as well as a wide stopband. By attaching the proposed RSLRs, moreover, the unwanted spurious responses of the SIRLR were suppressed effectively; moreover, a wide stopband region was accomplished from 5 to 20 GHz with a rejection level of 25 dB.
V. CONCLUSION
A dual-band bandpass filter with narrow-band and wideband performances has been proposed in this paper. Only one SIRLR is used to achieve the dual-band response. Based on the proposed equivalent circuit, each mode of the SIRLR (even-and odd-mode) can be controlled according to different electrical length ratios (α and γ ) and admittance ratio (K ). Moreover, multi transmission zeros are created near each passband edge, thus improving the passband selectivity. To extend the stopband region, a pair of RSLR is added into the filter to suppress effectively the undesired spurious response. Finally, the designed dual-band bandpass filter are fabricated and measured, and the measured results match the theoretical prediction. This designed dual-band filter has a narrow passband at 2.4 GHz with bandwidth ratio of 8% and a wide passband from 3 to 5 GHz, which can be used in the wireless communications applications, such as IEEE 802.11 wireless local area networks (WLANs) and ultra-wide band (UWB) system.
